To investigate the threshold effects of photosynthetically active radiation (PAR) and soil mass water content (MWC) on photosynthetic efficiency parameters of Ziziphus jujuba Mill var. spinosa and to understand the adaptability of Z. jujuba to light and soil moisture variation, we determined optimal MWC and PAR for Z. jujuba which maintained higher net photosynthetic rate (P N ) and water use efficiency (WUE). Using a Li-6400 portable photosynthesis system, we measured light response of P N , transpiration rate (E), WUE, and other gas-exchange parameters of 3-year-old Z. jujuba shrubs in a range of soil moisture conditions. The results showed that the leaf photosynthetic rate and WUE of Z. jujuba had a significant response to MWC and PAR. Given increases in the MWC (7.1-17.6%), the plant's light compensation point decreased and its light saturation point (LSP), apparent quantum yield, and maximum P N increased. When MWC was at 17.6%, the low and high light use efficiency of Z. jujuba was all maximal. P N obviously increased with increasing MWC (9.2-17.6%). However, P N decreased when MWC was too high or low. When PAR ranged from 800 to 1200 mmol m 22 s 21 , P N and WUE were higher and the LSPs of P N and WUE ranged between 706 and 1209 mmol m 22 s
Introduction
Water and light greatly affect plant photosynthetic physiological processes and growth and distribution of vegetation (Osó rio et al. 2011; Encina et al. 2012) . Both impact plant physiological activity, including photosynthesis, water metabolism, and physical transport (Chen et al. 2008; Guo et al. 2010; Tsonev et al. 2011; Giorio & Nuzzo 2012) . Generally, the physiological processes of plant photosynthesis have a degree of adaptability and resistivity to limited water shortages (Jalota et al. 2006; Xia et al. 2007; Orchard et al. 2010; Tretiach et al. 2012) . Most plant photosynthetic physiological responses are not observed when water supply is adequate but rather at moderate water deficit. The range of deficient soil moisture levels will vary depending upon vegetation type and according to variations in plants' adaptive and drought-resistant capabilities (Xu 2002; Li & Huang 2009; Zhang et al. 2010; Li et al. 2012; Vitale et al. 2012) . Light has become a critical ecological factor with the reduction of the ozonosphere (Saldañ a et al. 2000 (Saldañ a et al. , 2010 Bacchetta et al. 2012) . In extensive areas of northern China, drought and water shortage have become the most critical ecological factors restricting vegetation restoration, photosynthesis, and growth and yield of plants. The challenges of drought stress and photo-inhibition, which limit plant growth and production processes, are well known, but scientific research on droughtinduced physiological characteristics of different tree species has received recent attention (Xia et al. 2007; Chen et al. 2008; Li & Huang 2009; Cernusaka et al. 2011; Vitale et al. 2011; Zhang et al. 2012a Zhang et al. , 2012b . Most research to date has centered on potted plant experiments and has probed the physiological characteristics, such as photosynthesis, transpiration, water use efficiency (WUE), and physiological mechanisms of different tree species under varying water stress conditions (Xia et al. 2007; Chen et al. 2008; Desotgiu et al. 2012) . To date, however, little research has focused on the quantitative relationship between photosynthetic efficiency parameters (such as P N and WUE) and soil moisture, light, and other ecological factors under multilevel water stress. Of particular interest is determining the optimum cooccurring soil moisture and light conditions that maximized vegetation growth. Gaining further understanding of the mechanisms of eco-physiology in drought conditions has been an additional focus, since that has implications in the science of watersaving irrigation, which remains in early development. This resulting study focuses on the critical responses of Z. jujuba photosynthetic efficiency parameters to soil moisture and light intensities and then evaluates Z. jujuba adaptability of photosynthetic physiological processes to water and light. This could provide physiology and ecology basis for use of Z. jujuba in ecological restoration and elucidate cultivation management techniques.
Shell ridges are distinctive shell sand deposits lying on the upper surface of tidal flats where fresh water discharge is minimal (Liu et al. 2005) . Scientists in Suriname and China had reported the occurrence of shell ridges (Meldahl 1995; Liu et al. 2005) . Most existing research on shell ridges has focused on coastal geomorphology, sea level and climate changes, and coastal ecosystem evaluation (Saito et al. 2000) , photosynthetic and physiological characteristics of three shrubs species in field environments (Xia et al. 2009 ), vegetation quantities characteristics, and the relationship between shell sand properties and vegetative distribution (Zhao et al. 2011) . Shells fragment into shell sand, which provides a unique habitat for plants. Tian et al. (2011) reported that some typical xerophytes, such as Zizyphus jujuba Mill var. spinosa, Vitex megundo L., Salix matsudama Koid., and Asclepiadaceae Periploca sepium Bunge, were found in beach ridges of shell islands, and plant water shortage and drought stress are the main limiting factors for plant growth in beach ridge areas. Shell islands of China's Yellow River Delta can be divided into three sections: shell sand of the seaward side, beach ridge, and the landward side. On the seaward side, vegetation is rare because severe seawater erosion which left some of area as bare land. Salt and alkali contents in shell sand on the landward side are high and hospitable to only a few halophytes, such as Limonium bicolor (Bunge) O. Kuntze and Suaeda salsa (L.) Pall. Interestingly, on beach ridge areas of shell islands, which have higher elevation and groundwater levels, larger quantities of drought-deciduous shrubs and xeropoion can be found (Tian et al. 2011; Zhao et al. 2011) .
Among the shrub species used to conserve soil and water in northern China, Zizyphus jujuba Mill var. spinosa is the most widespread and so is uniquely useful to improve the ecological environment and support vegetation restoration in arid and semi-arid regions. Hence, Zizyphus jujuba, as the main constructive species, has enormous potential to help restore vegetation on shell island beach ridges (Xia et al. 2009; Tian et al. 2011) . Recent studies on Z. jujuba have been mainly focusing on seedling cultivation, flower organ and anatomical characteristics (Niu et al. 2011) , vegetative propagation technology (Danthu et al. 2004) , agrobacteriummediated transformation technology (Gu et al. 2008) , soil moisture balance, water competition evaluation (Zhao et al. 2012) , and antioxidant effects of sarcocarp, seed, and leaf (Kim & Son 2011) . Research on Z. jujuba drought physiology has mainly been concentrating on the diurnal dynamics of osmotic adjustment substances, biomass, waterconsumption characteristics, and protective enzyme and photosynthetic characteristics under only three to four levels of water stress (Zhou et al. 2010 (Zhou et al. , 2011 . This study, however, while focusing on light response process of photosynthetic efficiency parameters of Z. jujuba to series of soil moisture is still preliminary. Especially unclear is the mechanism of water stress and strong light stress on photosynthetic characteristics. Thus, this study aims to explore the threshold effects of photosynthetic efficiency parameters in Z. jujuba given variations in soil moisture and light intensities, to understand the eco-physiological processes and the responses to light intensity of Z. jujuba under different soil moisture conditions in a field environment, and to elucidate the mechanism of soil moisture deficits and strong light stress on P N and WUE. The effective soil moisture and productivity classification of Z. jujuba, based on measuring light response of photosynthetic efficiency Threshold effects of photosynthetic efficiency parameters 141 parameters, were established under a series of soilwater availabilities and the range of appropriate soil moisture and light intensities that promoted photosynthesis and boosting WUE of Z. jujuba was confirmed. Five-year-old Z. jujuba on shell island beach ridges was used to study the regularity of photosynthesis and WUE, given a series of soil moisture variation to provide a scientific basis and technical standard for field water management and water-saving irrigation of restoration vegetation and also provide a theoretical basis and technical support for the rehabilitation of nonnative vegetation of Z. jujuba on China's shell islands.
Materials and methods

Study area description
This study was conducted at the Binzhou National Shell Ridge Nature Reserve, located on the southwest coast of Bohai Bay in Shandong Province, China, which lies at north latitude 38810 0 -38819 0 N and east longitude 117832 0 -119810 0 E (Figure 1 ). This area has a continental warm temperate monsoon climate. The average annual temperature is 12.368C, and the average annual precipitation is 550 mm with 70% occurring between June and September. The average annual evaporation is 2430.6 mm, and the greatest evaporation occurs between March and June. Average altitude above sea level is , 5 m. The specific shell ridge investigated is 45 km long, 100 -150 m wide, 2 -3 m elevation, and extends from north-west to south-west, in accordance with the average wave direction. The soil types of this area are typical of shell sand, with an average thickness of 2 -4 m. The field capacity (FC) and average soil bulk density is 26.1% and 1.24 g cm 23 , respectively. The soil organic matter, available nitrogen, available phosphorus, and available potassium content in shell islands are 1.0%, 5.4%, 5.9%, and 32.5 mg kg
21
, respectively. The zone vegetation type of this area is warm temperate deciduous broad leaves. Common shrub vegetation types in the area include Z. jujuba, Periploca sepium 
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Bunge, Vitex megundo L., Tamarix chinensis Lour, and Vitex negundou. Herbage vegetations mainly include Limonium bicolor, Astraglus huangheensis Pall, Digitalis purpurea L., Zoysis macrostachya Merr., and Messerschmidia sibirica L. var. angustior.
Soil moisture experimental design
The experiment was conducted in a greenhouse at Shell Island Research Station of Binzhou University, Shandong Province, China. Mean photosynthetic photon flux density (PPFD) in the greenhouse was about 85% of the mean PPFD outside the greenhouse and the air in the greenhouse was wellventilated through rolling the plastic side films. In order to maintain the same ecological factors as the field environment, the greenhouse canopy was opened on a sunny day and closed during precipitation events. In an experiment on the response of gas-exchange parameters to soil moisture, six 5-yearold Z. jujuba shrub trees grown in the study area were transplanted to six self-made containers to control the soil moisture (March 15, 2011) . In order to avoid influencing the growth of the root system and the nutrients uptake, the self-made containers were designed with a larger size of 1.0 m length £ 1.0 m width £ 1.5 m depth. The buckets were buried in the shell sand in order to achieve the same conditions as the field environment. Z. jujuba shrubs had an average height of 1.02^0.32 m, and average basal diameter of 0.82^0.11 cm. A Trime-EZ of soil moisture probe (IMKO GmbH, Ettlingen, Germany) was buried 0.2 m from the shrubs. Three months later, the soil moisture gradient was obtained by providing water supplies and natural water consumption. On June 10, 2011, 2 days prior to the start of experimental observation, we provided identical water volumes of 15.0 L to the shrubs by multiple micro-irrigation. Next, we selected three of the bucketed specimens at random and identified them as I, II, and III. Two days later, we obtained an early soil moisture gradient and carried out the first observation. The soil volume water content (average of three shrubs) was monitored by the neutron probes and recorded on the same day that gasexchange parameters were measured and recorded. Soil mass water content (MWC) was corrected with drying methods in three shrubs. After producing a continuous degree of soil moisture stress by evapotranspiration every 2 or 3 days, the other observations were made ( Table I ). The observing time lasted 18 days, and eight soil moisture grades were obtained (Table I) , and then measured the light response of gas-exchange parameters under series of soil water condition, respectively. The relative soil moisture content (RWC) is equal to the ratio of the soil moisture content (MWC) to FC, thus, RWC ¼ MWC/FC.
Photosynthetic response to light intensity experimental design
Gas-exchange parameters were taken on mature shrub leaves (from an intermediate position on the stem) in each of the three replicate shrub trees during the soil moisture variations using a portable photosynthesis system (Li-6400, Li-COR Inc., Lincoln, NE, USA). To reduce the effect of light fluctuation, measurements of light-response at every soil moisture gradient were taken between 9:00 am and 11:00 am on a sunny day. The light-response curves were measured at a range of photosynthetically active radiation (PAR), which was changed every 120 s in a sequence of 2000, 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 250, 200, 150, 100, 50 , and 20 mmol m 22 s 21 . Before recording of data, the measured leaves were kept in a leaf chamber for at least 5 min under PAR of 1200 mmol m 22 s 21 to reach a steady state of photosynthesis. In the measurements, CO 2 concentration was controlled at 370 mmol m 22 s 21 with a LI-COR CO 2 injection system . Air temperature of the leaf chamber was maintained at 328C, relative humidity was maintained at 43%, and the flow rate of air in the measuring chamber was 200 mmol s 21 . The photosynthesis system automatically recorded 
Data analysis
Comparative investigations of light response of photosynthesis using various models (Ye 2007; Ye & Yu 2008; Ye & Wang 2009; Lang et al. 2011 ) have established that a modified model of rectangular hyperbola could simulate the light response curves of photosynthesis under various circumstances and conditions, and the fitted photosynthetic parameters were close to the measured data. Therefore, in this study, the light-response curves were simulated by modified model of rectangular hyperbola (Ye 2007; Ye & Yu 2008) . This model can be expressed as
where P(I) is P N ; I is the PAR; LCP is the light compensation point; and a, b, and g are coefficients independent of I. Coefficient a is the initial slope of the light response curve; b is the correction factor; g ¼ a/P Nmax , P Nmax is maximum net photosynthesis. For I ¼ 0, the rate of dark respiration (R D ) is
The quantum yield of arbitrary I, P 0 (I) is given by
For I ¼ 0, the apparent quantum yield (AQY) at this point, which is defined as w 0 (intrinsic quantum yield), is
The light saturation point (LSP) is obtained by
The maximum photosynthetic rate (P Nmax ) is given by
According to the simulation equations, using nonlinear regression analysis by statistical analysis software and through the derivation conversion could obtain the following parameters (Ye 2007; Ye & Yu 2008) Table I ). The aforementioned parameters were tested using analysis of variance (ANOVA) and the Duncan multiple range test, marked by letters, where the values sharing the same letters in the same column are not significantly different at the P # 0.05. All statistical analyses were conducted using SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
Results
Light response of net photosynthetic rate to soil moisture content
The modified model of rectangular hyperbola could simulate the light response curves of Z. jujuba leaf P N under different soil moisture conditions. The model could better reflect the light response rule of P N , and the R 2 of simulation equations ranged between 0.9954 and 0.9997 with soil moisture variation. The Z. jujuba leaf P N of light-response simulated curves showed results displayed in Figure 2 . Maintaining a high P N required PAR as follows: at low soil moisture content (MWC , 9.2%), PAR ranged from 400 to 2000 mmol m 22 s
21
; when 11.2% , MWC , 17.6%, PAR ranged from 800 to 1000 mmol m 22 s 21 and showed little fluctuation; at high soil moisture content (MWC . 19.8%), PAR ranged from 400 to 1200 mmol m 22 s 21 (Figure 2 ). ANOVA showed a significant difference of Z. jujuba leaf P N under different MWC (P # 0.05). When MWC levels ranged between 7.1% and 17.6%, P N increased with increases of MWC. However, at higher levels of MWC, P N began to decrease. Using these data, the optimal MWC was established at about 17.6%. When MWC was 17.6%, P N reached its peak. As levels of soil moisture became severely stressed (MWC at 7.1%), P N reached its minimum value. Figure 2 . Light response of net photosynthetic rates (P N ) of Z. jujuba leaf given a range of soil moisture conditions between 7.1% and 21.5% (mean þ SD, n ¼ 8).
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Photosynthesis -light response curve characteristic parameters of Z. jujuba leaf Photosynthesis -light response curve characteristics are shown in Table I . The AQY of Z. jujuba leaves showed significant changes depending upon soil moisture conditions (P # 0.05). AQY reached its maximum value with MWC at 17.6%, and showed strong potential for light use. The R D was significantly different under different water conditions (P # 0.05). Under water stress, Z. jujuba accumulated dry matter by reducing respiration consumption of photosynthetic products. While MWC was rising in the range of 11.2% and 17.6%, LCP decreased. However, beyond those limits, LCP showed increasing trends, indicating a decreasing ability to efficiently use low light. These trends in LCP reveal the limits of Z. jujuba adaptability and plasticity when coping with weak light in a range of water conditions. Both measures of LSP and P Nmax rose faster with increasing MWC and both reached their highest levels as MWC reached 17.6%. However, at higher MWC levels, both measures of LSP and P Nmax declined. These trends showed that conditions of higher or lower water levels were not favorable to the strong light use efficiency for Z. jujuba, and the highest photosynthetic capacity was also greatly restricted in that conditions. The above analysis indicates that on shell island beach ridges, the suitable range of MWC for maintaining a higher P N is 11.2 -17.6%, and the appropriate PAR is 800 -1600 mmol m 22 s 21 . P N reached the highest level when MWC was about 17.6% and PAR was about 1209 mmol m 22 s 21 .
Light response of WUE to soil moisture content
Values for WUE displayed different light response rules under different soil moisture conditions (Figures 3 and 4) . The response of WUE was sensitive to rapidly increasing PAR under low light intensity. And then, WUE was slowly increasing with enhanced PAR. At last, the LSP of WUE was reached and was in the range of 800 -1000 mmol m 22 s 21 . When the LSP of WUE was reached, WUE decreased greatly under high light intensity, which was induced by the increasing E. The PAR of maintaining a higher WUE value was 800 -1200 mmol m 22 s 21 under various soil moisture conditions. There were significant differences of Z. jujube leaf WUE under different soil moisture conditions (P # 0.05). The response rules of WUE to MWC showed that WUE increased significantly with increasing MWC ranging from 7.2% to 17.6% (Figures 3 and 4) . And then, WUE reached the highest value with the MWC of 17.6%, and subsequently, WUE decreased with increasing MWC. Under low moisture conditions (MWC , 9.2%), WUE was significantly higher than under higher moisture conditions (MWC . 19.8%), indicating that mild water stress may improve the WUE of Z. jujube leaf. In order to maintain higher WUE, MWC was in the range of 11.2 -17.6% and PAR was 800 -1200 mmol m 22 s 21 .
Soil moisture availability, productivity grading, and evaluation of Z. jujube shrubs
In order to explore the soil moisture availability and productivity of Z. jujube shrubs on shell island beach ridges, eight soil moisture points were graded and evaluated based on the indexes of P N , E and WUE by cluster analysis. According to the cluster results, soil moisture availability was divided into different Figure 3 . Light response of WUE of Z. jujuba leaf given a range of soil moisture conditions between 7.1% and 21.5% (mean þ SD, n ¼ 8). Threshold effects of photosynthetic efficiency parameters 145 ranges, and the criteria for grading and evaluation of soil moisture productivity and availability were established. These grading criteria were based on plant water physiology theory and the results of cluster analysis combined with the response rule of photosynthetic process to soil moisture (Figure 3) . The physiological significance of the critical values of soil moisture was ascertained and the classification and evaluation criteria of soil moisture availability of Z. jujube shrubs were made. Some new concepts were used, such as "productivity (P N )" and "efficiency (WUE)" instead of the conventional concept of "availability (the difficulty and ease with which roots take up water)", "high productivity" and "high efficiency" which refers to high P N and WUE, "midproductivity" and "mid-efficiency" which means above the average (or higher) P N and WUE, and "non productive" and "non efficient" which means that soil moisture point of P N and WUE are zero or negative; so "production" and "efficiency" were definitely provided with plant physiological significance (Zhang et al. 2012a (Zhang et al. , 2012b ). Based on above analyses, when the number of clusters was three, the results are as shown in Table II . According to the mean value, soil moisture availability was divided into class I MWC with low P N , low E, and moderate WUE; class II MWC with medium P N , medium E, and medium WUE; and class III MWC with high P N , high E, and high WUE. The division of the three water segments had a significant effect on P N , E, and WUE (P # 0.05), indicating that different soil moisture conditions influenced photosynthetic characteristics of Z. jujube. When MWC was . 21.5% or MWC was , 9.2%, the P N and WUE of Z. jujube leaves were low. The cluster average P N decreased by 66% compared to the P Nmax (the maximum photosynthetic rate was 12.86 mmol m 22 s 21 ), and the cluster average WUE decreased by 54% compared to the maximum WUE (5.26 mmol mmol 21 ), in which the WUE decreased rapidly with increasing or decreasing MWC called "low productivity and midefficiency". From the changing trend of P N and WUE to MWC, we predicted that the P N and WUE of Z. jujube leaves move toward zero, with soil moisture continuing to increase or decrease, causing water logging or drought stress, indicating that photosynthetic productivity cannot occur. When MWC was in this range, there was a trend toward low productivity and the ultimate region was non productive. When MWC was 19.8 -21.5% and 9.2 -11.2%, the cluster average of P N decreased by 38% compared to the P Nmax , and Z. jujube could obtain middle productivity. The cluster average of WUE decreased by 59% compared to the maximum WUE. Since WUE was 19.8 -21.5% (Figure 4) , MWC was at not efficient. When MWC was 9.2 -11.2%, the WUE was average (Figure 4) , so MWC was at mid-efficiency. When MWC was 11.2 -19.8%, P N was relatively high, reaching more than 76% of P Nmax , having access to exceed middle photosynthetic productivity, and WUE was also higher, to achieve more than 73% of the maximum WUE. This MWC range was highly efficient. When MWC was higher than approximately 18%, WUE decreased rapidly with increasing MWC, indicating that MWC was non efficient. When MWC was about 17.6%, P N and WUE could reach the highest level, indicating that Z. jujuba could obtain the highest productivity.
Discussion
AQY of Z. jujuba was 0.03 -0.06 under the appropriate growth conditions (Li 2002) . However, AQYof Z. jujuba leaves in a mid-range of soil fertility with suitable water conditions can be up to 0.083, higher than that of most plants. This indicates that Z. jujuba has great potential to thrive in low-light environments. Extreme conditions of water deficiency or flooding could lead to a decline in AQY, indicating that maintaining proper water conditions can significantly improve AQY. The LSP of sun-loving plants is generally above 540 mmol m 22 s 21 and LCP is in (Jiang 2004) . The LSP and LCP values exhibited by Z. jujuba showed that Z. jujuba should be grown in direct sunlight. Z. jujuba reached its minimum LCP and maximum LSP at 17.6% MWC, which indicates that at 17.6%, Z. jujuba has a strong ability to use both low light and high light reaching the widest ecological amplitude to light, as well as increase the accumulation of organic matter at MWC of 17.6%. Soil moisture deficit significantly affected LCP, LSP, and AQY, and thus given the same light intensity, it easily reduced light use efficiency.
When MWC exceeded 17.6%, P N reached LSP and decreased with increasing PAR, while E increased incrementally, suggesting luxury transpiration (Orchard et al. 2010; Mariclea & Adlerb 2011) . The LSP in the MWC could be used as threshold values for luxury transpiration. In order to absorb CO 2 , plants must lose a certain amount of water by transpiration, but this portion did not affect photosynthetic production. This may provide a theoretical basis and practical guidance for reducing transpiration to increase plant WUE without reducing photosynthetic production (Jiang 2004; Ou et al. 2011) . In practical applications, certain artificial control measures, such as water supply and water conservation, shading at different plant growth stages, and using anti-transpirant materials may reduce plant luxury transpiration and achieve effects of water conservation and increase WUE (Guo et al. 2010; Cernusaka et al. 2011) . Under some moisture conditions, E of Z. jujuba leaves decreased as light intensity increased. This shows that Z. jujuba may self-limit E to prevent excessive water loss without seriously affecting photosynthesis. This further indicates that Z. jujuba could achieve decreasing temperature or WUE by reducing its E along with the changes in soil moisture and light conditions, and shows some physiological characteristics of anti-dry plants.
Values for P N and E showed a different response rule to MWC under high moisture conditions. P N gradually decreased with MWC incrementally, but E did not change with decreasing P N and maintained a high E. Z. jujuba leaves had a larger potential of water loss under adequate soil moisture conditions, easily resulting in a decrease in transpiration efficiency, and it had a greater potential for transpiration under high light intensity in suitable soil moisture conditions, indicating that Z. jujuba could reduce temperature by transpiration water consumption to provide favorable conditions for plant physiological activities in high temperature conditions. Two factors might influence Z. jujuba leaves to show divergent P N and E trends, changes in MWC and PAR. One is the plant's self-adjustment abilities that conserve water and the other is the environmental influence of drought and water shortage. E depends on the available water in the soil, the necessary energy and water potential gradient of leaves inside and outside, and the regulation of the internal structure and physiological status of the plant (Meir et al. 2007; Zhang et al. 2010; Boscaiu et al. 2011; Encina et al. 2012) . In order to achieve full use of water and light resources, Z. jujuba could regulate its own physiological activities with available soil moisture and light intensity.
Moderate water stress could improve WUE of Z. jujuba. Several other species, including Aralia elata (Chen et al. 2008) , Wisteria sinensis (Xia et al. 2007) , and Prunus sibirica L. (Lang et al. 2011) , exhibit similar characteristics. Under low soil moisture conditions, WUE of Z. jujuba could be maintained at a certain level. E response to water was more sensitive than P N , and decrease in amplitude of E was larger than that of P N . P N was lower under low soil moisture conditions and was unfavorable to increase the photosynthetic productivity of plants and the competitive advantage under stress. E also had a low value, which easily caused the leaf burn due to insufficient transpiration and higher leaf temperature under strong light. This was not conducive to normal physiological activity. Under adequate soil moisture conditions, WUE of Z. jujuba decreased when the increase in P N was less than that of E. P N decreased faster when LSP of P N was exceeded under different soil moisture conditions; however, as E increased, resulting in lower WUE under high PAR, Z. jujuba used self-physiological regulatory mechanisms to adapt to high light intensity under soil moisture stress.
In conclusion, the P N and WUE of Z. jujuba leaves had significant relationship with soil moisture and PAR. These parameters had a notable threshold response to changes MWC and PAR, and to a large extent, this response was synchronous. This shows that Z. jujuba has a certain degree of adaptability for arid and semi-arid habitats. The most prominent ecological characteristics of shell island beach ridges are drought and water shortages. The core of vegetation restoration should be effectively improving plant WUE under water stress, and sufficient water supply for achieving maximum yield is not favorable to vegetation restoration on shell beach ridges. In the view of conducive high photosynthetic productivity and effective transpiration of Z. jujuba to determine suitable soil moisture and light conditions for WUE, a heuristic is that when MWC is 11.2 -19.8% (43.1% , RWC , 75.9%), various gas-exchange parameters appeared to be in the "transition area", given the increasing MWC. When values for MWC lay outside this range, either lower or higher, it was not possible to Threshold effects of photosynthetic efficiency parameters 147 improve the P N and WUE, indicating that this soil moisture range was a more suitable water threshold for the growth of Z. jujuba shrubs and the more appropriate PAR was 800 -1200 mmol m 22 s 21 .
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